Red and processed meat have been associated with increased risk of colorectal cancer (CRC), whereas long-term use of non-steroid anti-inflammatory drugs (NSAIDs) may reduce the risk. The aim was to investigate potential interactions between meat intake, NSAID use, and gene variants in fatty acid metabolism and NSAID pathways in relation to the risk of CRC. A nested case-cohort study of 1038 CRC cases and 1857 randomly selected participants from the Danish prospective "Diet, Cancer and Health" study encompassing 57,053 persons was performed using the Cox proportional hazard models. Gene variants in SLC25A20, PRKAB1, LPCAT1, PLA2G4A, ALOX5, PTGER3, TP53, CCAT2, TCF7L2, BCL2 were investigated. CCAT2 rs6983267 was associated with risk of CRC per se (p<0.01). Statistically significant interactions were found between intake of red and processed meat and CCAT2 rs6983267, TP53 rs1042522, LPCAT1 rs7737692, SLC25A20 rs7623023 (p interaction =0.04, 0.04, 0.02, 0.03, respectively), and use of NSAID and alcohol intake and TP53 rs1042522 (p interaction =0.04, 0.04, respectively) in relation to risk of CRC. No other consistent associations or interactions were found. This study replicated an association of CCAT2 rs6983267 with CRC and an interaction between TP53 rs1042522 and NSAID in relation to CRC. Interactions between genetic variants in fatty acid metabolism and NSAID pathway and intake of red and processed meat were found. Our results suggest that meat intake and NSAID use affect the same carcinogenic mechanisms. All new findings should be sought replicated in independent prospective studies. Future studies on the cancer-protective effects of aspirin/NSAID should include gene and meat assessments.
genetic variants. Our results suggest that meat intake and non-steroid anti-inflammatory drug use affect the same carcinogenic mechanisms. These results need to be replicated in other cohort studies with lifestyle information. If replicated, these results may have future implications for developing new strategies for preventing colorectal cancer and other cancers that share similar pathways.
Introduction
Colorectal cancer (CRC) is the third most common malignant tumor and the fourth leading cause of cancer death worldwide with a lifetime risk in Western European and North American populations of around 5% [1] . Multiple risk factors, both genetic and environmental, are involved in the etiology and prognosis of CRC [2] . Identification and characterization of the risk factors, their potential interactions, and the underlying biological mechanisms are requested as a basis for improving preventative strategies that may include identifying individuals who would most benefit from preventive strategies.
Epidemiological studies suggest that high intake of red and particularly processed meat may increase the CRC risk [3] , whereas long-term use of non-steroid anti-inflammatory drugs (NSAIDs) including aspirin (acetylic acid) may reduce the risk of CRC [4, 5] . Investigations on the potential carcinogenic mechanisms of red and processed meat have suggested that meat may confer carcinogenesis by being a source of cooking mutations (heterocyclic amine, N-nitroso compounds) formed during preparation [6] , organic sulfur-containing proteins leading to a high content of H 2 S in the intestinal lumen, a highly potent regulator of intestinal cell function including inflammation and cell death signaling [7] and/or microbial factors arising during storage [8] . Similarly, the underlying cancer protective mechanisms of NSAID have been investigated and both COX-2 dependent and COX-2 independent mechanisms have been suggested [9, 10] .
Still, however, the mechanisms are incompletely understood. First of all, epidemiological studies are not suitable to evaluate CRC causality because of colinearity between the studied factors (intake of red and processed meat and NSAID) and other potential CRC risk factors (such as e.g. Western-style diet and high body mass index) that limit the ability to analytically isolate the independent effects of the studied factors [11] . Next, although animal studies may suggest important underlying biological mechanisms [12] , results from animal studies may not apply to humans due to differences in the biology such as the metabolism of meat between animals and humans and because doses used in animals may not be transferable to human conditions [6] . Gene-environment (GxE) interaction analyses may overcome the methodological issues mentioned above. Indeed, the identification of an interaction between a genetic variant (functional or in linkage with a functional variant) in a gene that is chosen based on its biological function and an environmental factor suggests that both factors are involved in the same process. Using GxE interaction analysis, we have investigated potential mechanisms by which red and processed meat and NSAID may affect CRC carcinogenesis [13] [14] [15] [16] [17] [18] [19] [20] [21] (reviewed in [22] [23] [24] ). Red and processed meat is a rich source of n-6 polyunsaturated fat that is converted into arachidonic acid after ingestion and further metabolized into several bioactive lipids that play critical roles in a variety of biologic processes involved in chronic inflammation and colorectal cancer. Conversely, NSAIDs including aspirin may reduce inflammation and CRC risk via similar and other pathways in relation to CRC [22, 23, 25] .
Thus, the aim of the present study was to investigate the association of polymorphisms in genes involved in fatty acid metabolism and NSAID pathway with CRC, and, furthermore, interactions between these polymorphisms and NSAID use and dietary factors focusing on the intake of red and processed meat in relation to CRC. The study cohort was the Danish "Diet, Cancer and Health" with prospectively collected lifestyle information encompassing 57053 participants whereof 1038 cases that developed CRC were compared to a sub-cohort of 1857 members using a nested case-cohort design. In addition to replicating earlier findings, this study found interactions between genetic variants in fatty acid metabolism and NSAID pathway and intake of red and processed meat suggesting that meat intake and NSAID use affect the same carcinogenic mechanisms. Table 1 shows the baseline characteristics of 1038 CRC cases and 1857 sub-cohort members including CRC risk factors. Among the controls, the genotype distributions of the studied polymorphisms were in Hardy-Weinberg equilibrium (results not shown). In order to maximize the statistical power for the interactions analyses, the genotypes were combined assuming either a dominant model (SLC25A20 rs7623023 , TP53 rs1042522, CCAT2 rs6983267, BCL2 rs2279115) or a recessive model (PRKAB1 rs4213, LPCAT1 rs7737692, PLA2G4A rs4402086, ALOX5 rs3780894, PTGER3 rs6685546, TCF7L2 rs7903146) based on the observed risk estimates. Table 2 shows the crude associations between the SNPs and CRC. There was an association between CCAT2 rs6983267 and CRC (p<0.01). Carriers of the CCAT2 rs6983267 variant T-allele have about 30% lower risk of CRC compared to GG homozygotes. No other statistically significant associations were found. Table 3 shows the interaction between NSAID and the polymorphisms. There was an interaction between use of NSAID and the TP53 rs1042522 polymorphism (p interaction =0.04). TP53 rs1042522 GG homozygotes had a lower relative risk of CRC for NSAID users to non-users compared to variant C-allele carriers. Table 4 shows the interaction between dietary factors and the polymorphisms. Intake of red and processed meat interacted with CCAT2 rs6983267 (p interaction =0.04). CCAT2 rs6983267 T-allele carriers had a lower relative risk of CRC by meat intake compared to GG homozygotes. Furthermore, use of alcohol interacted with TP53 rs1042522 (p interaction =0.04). The variant C-allele carriers increased their risk for CRC with increased alcohol intake wheres GG homozygotes did not. In the tertile analyses (Supplemental Table 1 ), TP53 rs1042522 and LPCAT1 rs7737392 variant allele carriers had a higher risk increase than GG homozygotes (p interaction =0.04 and 0.02, respectively). Furthermore, SLC25A20 rs7623023 AA homozygotes had a higher risk increase than the variant G-carriers (p interaction =0.03) with increased meat intake. Variant allele carriers were at increased risk of CRC irrespectively of meat intake compared to the AA homozygotes. No other statistically significant interactions between diet or NSAID and the polymorphisms were found.
Results

Associations between polymorphisms and CRC
Gene-environmental analyses
Discussion
This large prospective investigated potential associations between polymorphisms in the fatty acid metabolic and NSAID pathways, and risk of CRC and, furthermore, the potential interaction between these polymorphisms and NSAID and diet (intake of red and processed meat, fiber, fruit and vegetables, and alcohol) in relation to CRC. The polymorphisms were selected from recent reviews based on their potential role in the fatty acid metabolic and NSAID pathways ( Table 5 ) [22] [23] [24] 32] . We found that CCAT2 rs6983267 GG genotype was associated with lowered risk of CRC per se and we found an interaction between the polymorphism and meat in relation to CRC. Furthermore, interactions between TP53 rs1042522 and use of NSAID, alcohol intake, and, in the tertile analysis, intake of red and processed meat were found. Next, we found interactions between LPCAT1 rs7737692 and SLC25A20 rs7623023 and intake of red and processed meat in the tertile analysis in relation to CRC. No other consistent associations or interactions were found.
First, the association of CCAT2 rs6983267 with CRC confirmed earlier results from several independent populations [25, 40] supporting the importance of the 8q24.21 gene locus for CRC carcinogenesis. The CCAT2 rs6983267 polymorphism is located in a non-protein coding region near the MYC gene. The Tallele of CCAT2 rs6983267 has been shown to impair binding of WNT/CTNNB1 pathway-related transcription factor 7 like-2 to DNA, thereby reducing MYC expression which in turn induces resistance to intestinal tumorigenesis [25] . The polymorphism has also previously been found to interact with aspirin.
Nan et. al. found that variant T-allele carriers had 39-48% lower risk of CRC while using aspirin [25] . Tallele carriers of CCAT2 rs6983267 constitute 27% of the sub-cohort members in the present study. As we did not find an interaction between CCAT2 rs6983267 and NSAID use in the present study, the result may potentially suggest a specific effect of aspirin that may not be shared with non-aspirin NSAIDs in general. Unfortunately, the present study did not have the power to investigate aspirin use only.
Next, we found an interaction between TP53 rs1042522 and NSAID. In our study, GG homozygotes lowered their risk of CRC by use of NSAID whereas variant C-allele carriers increased their risk of CRC by NSAID use (p=0.04). This is a replication of an earlier finding [41] . Tan et al., observed that GG homozygotes benefitted more from the use of NSAID than variant C-allele carriers. They found a substantial protective effect of NSAID use for homozygous carriage of the 72Arg allele compared to the 72Pro allele (odds ratio 0.44; 95% CI: 0.30-0.65) [41] .
In the present study, 4 polymorphisms (CCAT2 rs6983267, TP53 rs1042522, LPCAT1 rs7737692, and SLC25A20 rs7623023 ) were found to interact with meat intake ( Table 4 and the S1 Table 1 ). Two of the polymorphisms (SLC25A20 rs7623023 and LPCAT1 rs7737692) are involved in the metabolisms of fatty acids (Table 5) , however, the functionality of the two common polymorphisms is unknown. The protein coded by LPCAT1 is involved in the remodeling of phospholipids and has been associated with risk of sudden cardiac arrest [32] , whereas the protein coded by SLC25A20 is involved in the transport of fatty acids across the mitochondrial membrane. Our results may suggest that the fat from red and processed meat (that is metabolized to fatty acids) may contribute to the carcinogenic mechanism of red and processed meat in relation to CRC.
The two other polymorphisms (CCAT2 rs6983267 and TP53 rs1042522) have been found to interact with aspirin/NSAID in relation to CRC in the present or other studies [25, 41] . TP53 rs1042522 is a missense polymorphism in the TP53 gene where Arginine is changed to Proline, which results in increased apoptosis potential due to increased p53 levels [36, 37] . Several epidemiological studies, including randomized controlled clinical trials, have demonstrated that NSAID use decreases the incidence of adenomatous polyps and CRC [5] . The mechanism is thought to be caused by cell-cycle regulation and/or induction of apoptosis via mechanisms dependent and independent of cyclooxygenase [5, 42] . The use of NSAID may enhance the apoptosis potential already present in the GG genotype of TP53 rs1042522 resulting in decreased risk of CRC compared to variant C-carriers. A diet high in meat was associated with increased risk of CRC among variant C-allele carriers compared to those with a diet low in meat intake. We have previously shown that intake of meat interacts with polymorphisms in inflammatory genes in relation to CRC risk [17, 18, 35] suggesting that a diet high in meat may cause an inflammatory milieu that increases the carcinogenic potential in persons with an impaired TP53 gene. This hypothesis could also apply for the CCAT2 rs6983267 polymorphism since persons homozygous for the G-allele have a higher expression of MYC [38] and thereby an increased carcinogenic potential which could be further triggered by a diet high in meat. The finding that alcohol intake interacted with TP53 rs1042522 resulting in increased risk of CRC for variant C-carriers may be caused by a similar mechanism as meat since alcohol is known to be associated with a systemic inflammatory state [43] and thus the protective effect of the G-allele is abolished.
Advantages and limitations with the study design have been described in previous studies [15] [16] [17] [18] [19] [20] [21] . The main advantage of this study is the prospective study design with collection of dietary and lifestyle factors before diagnosis that eliminates the risk of recall bias. Another main advantage is the diverse and high intake of meat in the present cohort enabling identification of gene-meat interactions. The prospective "Diet, Cancer and Health" cohort has proven to be suitable to detect meat-gene interactions [17, 18, 35] . Changes in dietary and lifestyle habits during follow-up is possible but, if present, will result in lower power to detect real differences between cases and the comparison group. The "Diet, Cancer and Health" cohort is homogenous reducing population specific genetics and dietary patterns seen in larger multicentre studies. The disadvantage of the prospective study is the limited power to study geneenvironment interactions. None of the results withstood Bonferroni correction. Thus, all new findings should be sought replicated in independent prospective cohorts with well-characterized lifestyle information.
Conclusions
In conclusion, in this study an association of CCAT2 rs6983267 with CRC and an interaction between TP53 rs1042522 and NSAID in relation to CRC were replicated. Our exploratory analyses found interactions between polymorphisms in the fatty acid metabolic pathway (LPCAT1 s7737692 and SLC25A20 rs7623023) and polymorphisms that have been found to interact with NSAID/aspirin (CCAT2 rs6983267 and TP53 rs1042522) on one hand and intake of red and processed meat on the other in relation to risk of CRC. Our results suggest that meat intake and NSAID use affect the same carcinogenic mechanisms. All new findings from this study should be sought replicated in independent prospective cohorts with well-characterized lifestyle information. Future studies on the cancer-protective effects of aspirin/NSAID should include gene and meat assessments.
Materials and Methods
Subjects
As previously described [26] the "Diet, Cancer and Health" Study is an ongoing Danish cohort study designed to investigate the relation between diet, lifestyle and cancer risk. The cohort consists of 57,053 persons, recruited between December 1993 and May 1997. All the subjects were born in Denmark, and the individuals were 50 to 64 years of age and had no previous cancers at study entry. Blood samples, anthropometric measures and questionnaire data on diet and lifestyle were collected at study entry.
Follow-up and endpoints
As previously described [20] the present study used a nested case-cohort design. Follow-up was based on population-based cancer registries. Between 1994 and 31st December 2009, 1038 CRC cases were diagnosed. A sub-cohort of 1857 persons was randomly selected within the full cohort at the time of entry into the cohort in agreement with the case-cohort study design [27] and, thus, without respect to time and disease status. Due to the study design, with a priori sampling of the sub-cohort, 28 persons were both cases and sub-cohort, and these persons were kept in the analyses. All 1038 CRC cases and 1857 sub-cohort members were included in the analysis. Flowchart of the participants is shown in the S1 
Dietary and lifestyle questionnaire
Information on diet, lifestyle, weight, height, medical treatment, environmental exposures, and other socio-economic factors were collected at enrolment using questionnaires and interviews and has been described in details elsewhere [20, 28] . In short, the food-frequency questionnaire, assessed diet consumption in 12 categories of predefined responses, ranking from 'never' to 'eight times or more per day'. The daily intake was then calculated by using FoodCalc [29] . Red meat was calculated by combining intake of fresh and minced beef, veal, pork, lamb, and offal, whereas processed meat combined intake of bacon, smoked or cooked ham, other cold cuts, salami, frankfurter, Cumberland sausage, and liver pâté.
The total dietary fiber was estimated by the method of the Association of Official Analytical Chemists [30] , which includes lignin and resistant starch. Fiber intake is calculated by multiplying the frequency of consumption of relevant foods (i.e. fruit, vegetables, grains, and leguminous fruit) by their fiber content as determined from national databases of food content. For fruit, only intake of fresh fruit was examined, whereas intake of vegetables also included estimated contributions from food recipes. Intake of alcohol was inferred from the food-frequency questionnaire and lifestyle questionnaire as described in details in [31] . Abstainers were defined as those who reported no intake of alcohol on the food-frequency questionnaire and no drinking occasions on the lifestyle questionnaire. Smoking status was classified as never, past or current. Persons smoking at least 1 cigarette daily during the last year were classified as smokers. NSAID use ("Aspirin", "Ibuprofen", or "Other pain relievers) was assessed as ≥ 2 pills per month during one year at baseline. Use of hormone replacement therapy among women was assessed as current, former or never user.
Genotyping and selection of polymorphisms
The polymorphisms were chosen based on Andersen et. al. [22] and Lemaitre et. al. [32] . Promising polymorphisms with known functionality or that were associated with biological effects suggesting functionality or linkage with functional polymorphism and with a reasonable minor allele frequency to study gene-environment interactions were selected. Buffy coat preparations were stored at minus 150°C until use. DNA was extracted as described [33] . The DNA was genotyped by LGC KBioscience (LGC KBioscience, Hoddesdon, United Kingdom) by PCR-based KASP™ genotyping assay (lgcgenomics.com/).
To confirm reproducibility, genotyping was repeated for 10% of the samples yielding 100% identity.
Statistics
Incidence rate ratios (IRR) and 95% Confidence Interval (CI) were based on a Cox proportional hazard model fitted to the age at the event of CRC according to the principles for analysis of case-cohort [27] using the approach of Prentice and Langholz [34] . The main explanatory variables were the polymorphisms. All models were adjusted for baseline values of risk factors for CRC as published previously [17] [18] [19] [20] [21] 35] ; body mass index (BMI) (kg/m 2 , continuous), use of hormone replacement therapy, (never/past/current, among women), intake of dietary fibre (g/day, continuous), and processed red meat (g/day, continuous), energy intake (kJ/day), NSAID use (yes/no) and smoking status (never/past/current). Cereals, fiber, fruit, and vegetables were also entered linearly as continuous covariates. All analyses were stratified by gender so that the basic (underlying) hazards were gender specific.
In the interaction analyses of the dietary factors with polymorphisms, we present two analyses: in one analysis the dietary factors were used as numeric variables and in the other, they were entered in the Additional Files S1 Fig 1. Flowchart of study (32) 0.70(0.53-0.92) Values are expressed as medians (5th and 95th percentiles) or as fractions (%). IRR, incidence rate ratio; CRC, colorectal cancer; CI, confidence interval; BMI, body mass index; NSAID, non-steroidal anti-inflammatory drug; HRT, hormone replacement therapy. 1 IRRs for CRC estimated by the Cox proportional hazards model mutually adjusted for all variables, with age as the underlying time axis, and stratified by gender, so that the underlying hazards are gender specific. 2 Among current drinkers. (UH changed it so this is true now) 3 NSAID use is defined as ≥ 2 pills per month for one year. 4 Risk estimate per 2 kg/m2 increment of BMI. 5 Risk estimate for the increment of 10 g alcohol per day. 6 Risk estimate for the increment of 10 g dietary fibers per day. 7 Risk estimate for the increment of 25 g red and processed meat per day. 8 Risk estimate for the increment of 1 kJ energy per day (incl alcohol). 9 Risk estimate for the increment of 50 fruits per day. 10 Risk estimate for the increment of 50 vegetables per day. 11 Risk estimate for the increment of 50 g fruits or vegetables per day. 21 ) 0.82 IRR, incidence rate ratio; CI, confidence interval; BMI, body mass index; NSAID, non-steroidal anti-inflammatory drug; HRT, hormone replacement therapy. 1 IRRs for CRC estimated by the Cox proportional hazards model with age as the underlying time axis, and stratified by gender, so that the underlying hazards are gender specific. 95% CI is based on Wald's tests. 2 In addition, adjusted for smoking status, alcohol, HRT status (women only), BMI, use of NSAID, energy consumption, intake of red and processed meat, dietary fiber, intake of fruit and vegetable. 3 
